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THE EFFECTS OF SUBSTRATE STIFFNESS, MATRIX PROTEIN 
COMPOSITION, AND HYPOXIA ON HUMAN CORNEAL LIMBAL 
EPITHELIAL CELL MORPHOLOGY AND MOTILITY 
 
ANWULI J. ONYEJOSE 
 
ABSTRACT 
 The cornea is the most outer structure of the eye. What makes the cornea unique 
is that it is avascular, transparent, and potentially one of the most innervated tissues in the 
human body. As a key component of vision, proper health measures are needed to ensure 
its functionality and survival. Continuous corneal trauma, as a result of accidental 
wounding or disease, can potentially lead to partial or total vision loss. It has been shown 
that diseases such as obesity and diabetes can induce a state of hypoxia and alter substrate 
stiffness. It was hypothesized that corneal cells under normoxic conditions will 
experience morphological changes in response to substrate stiffness and matrix proteins 
compared to corneal cells exposed to hypoxic conditions where cells will respond 
differently as a result of environment. Results showed that the morphology of corneal 
cells exposed to normoxic conditions were more influenced by substrate stiffness and that 
corneal cells exposed to hypoxic conditions displayed characteristic signs of cellular 
senescence.  
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INTRODUCTION 
The process of vision begins with the most anterior structure of the eye known as 
the cornea. The cornea is a transparent, highly innervated, avascular structure that 
protects inner structures of the eye, contributes to the refractive power of the eye, and 
aids with vision by focusing light rays on the retina (Sridhar, 2018). The cornea along 
with the conjunctiva, lacrimal glands, and the eyelids, work together as an integrated unit 
known as the ocular surface and are essential components for vision (Sridhar, 2018). 
Exposure to injury, toxins, or disease can result in irreparable damage to these structures 
and result in impaired or total vision loss.  
Corneal Anatomy  
The cornea is made up of several layers that are comprised of both cellular and 
acellular components. From deepest to most superficial, the layers of the cornea are as 
followed: Corneal Endothelium, Descemet’s Membrane, Stroma, Bowman’s Membrane, 
and Epithelium that is pseudostratified (Sridhar, 2018). Derived from the neural crest, 
corneal endothelial cells form a single layer of hexagonal cells at the posterior surface of 
the cornea (Chen et al., 2017). The function of corneal endothelial cells include creating a 
barrier between the corneal stroma and the aqueous humor, regulating water levels of the 
stroma, and sulfation (Chen et al., 2017). Composed mainly of Collagen IV and VIII and 
glycoproteins, the Descemet Membrane is a basement membrane that anchors the corneal 
endothelium and helps maintain its’ function and physical composition (Chen et al., 
2017). The stroma, the major region of the cornea, is cell poor, matrix rich, and 
comprised of orthogonally aligned collagen fibrils associated with proteoglycans (Mayo 
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et al., 2008). The alignment of the collagen fibrils is so critical that if they are ¼ micron 
out of alignment, it can cause a diffraction of light (Mayo et al., 2008). The synthesis of 
these collagen fibrils are modulated by lumican (Zhang, Anderson, & Liu, 2017). 
Depending on the glycosylation and glycanation, lumican plays a role in corneal 
transparency, promotes wound healing of corneal epithelium, regulates collagen gene 
expression, and maintains overall homeostasis of the cornea (Zhang, Anderson, & Liu, 
2017). Unlike Descemet’s membrane, Bowman’s membrane is not a true membrane 
(Sridhar, 2018). The Bowman’s membrane is a layer of condensed Type IV Collagen and 
proteoglycans and the basement membrane is deposited by the corneal epithelium. This 
“membrane’s” main function is to help the cornea maintain its shape (Sridhar, 2018). The 
pseudostratified 5 layers of epithelium act as a first line of defense, via tight junctions, to 
protect the eye from exposure to chemicals, growth factors, and microbes. The 
microplicae on the apical epithelium, covered by the mucin layer, provide a smooth 
optical surface which contributes to the refractive power of the eye and contains 
Langerhan cells that perform varying immunological functions (Sridhar, 2018). The 
cornea refracts over 70% of light (Sridhar, 2018).  
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Figure 1. Anatomy of the Eye and Layers of the Cornea. Figure taken from 
National Eye Institute (2009). 
 
Corneal Avascularity 
Although important structural factors such as the diameter of collagen fibrils and 
the distance between adjacent collagen fibrils contribute greatly to the overall 
transparency of the cornea (Meek & Knupp 2015), the avascularity of the cornea is also a 
key component that cannot be undermined. With the cornea being continuously exposed 
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to an environment where it can sustain minor abrasions or different environmental 
conditions, Vascular Endothelial Growth Factor (VEGF)-C and VEGF-D can bind to 
Vascular Endothelial Growth Factor Receptor (VEGFR)-2 and cause corneal 
hemangiogenesis if the epithelium is compromised (Cursiefen et al., 2006). This differs 
from other VEGFs such as VEGF-A, for example, which are triggered by hypoxia and 
results in hemangiogenesis by stimulating vascular endothelial cell migration, cell 
proliferation, cell survival, vessel dilation, and vessel permeability when they bind to 
VEGFR-2 (Stevenson, Cheng, Dastjerdi, Ferrari, & Dana, 2012). However, a study found 
that the overexpression of ectopic VEGFR-3 on corneal epithelial cells act as a sink to 
deplete VEGF-C and VEGF-D and prevent them from binding to VEGFR-2 which in 
turn prevents unnecessary corneal hemangiogenesis which can potentially threaten vision. 
(Cursiefen et al., 2006) 
Due to its avascularity, the cornea receives 21% oxygen during wake hours and 
during sleep hours that number drops to 7-8% under normal conditions (Lowther, 1991). 
Percent oxygen drops during sleep because palpebral conjunctival capillaries deliver ⅓ 
the amount of the atmospheric oxygen concentration (Leung, Bonanno, & Radke, 2001). 
The palpebral and bulbar conjunctiva of the eye are highly vascularized tissue (Shahidi, 
Wanek, Gaynes, & Wu, 2010) that line the inside of the upper eyelids and the lower 
eyelids respectively and also the sclera of the eye (Roat, 2018) During sleep, oxygen 
diffuses across conjunctival capillaries, diffuses across the tear film, and supplies the 
cornea with adequate oxygen until wake hours (Holden & Sweeney, 1985). The tear film 
is a smooth, aqueous barrier, produced by secretions of the lacrimal gland, that lays 
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above the cornea (Sridhar, 2018). The tear film lubricates and hydrates the ocular surface 
and is the first layer of the cornea that light comes into contact with (Sridhar, 2018). 
Prolonged contact usage and disease can further reduce overall oxygen levels received by 
the eye (Leung, Bonanno, & Radke, 2001).   
 
Figure 2. Mechanism Preventing Corneal Vascularization. Figure taken from Review 
of Optometry (2006). When VEGF-C/ VEGF-D bind to corneal VEGFR-3, it prevents 
their binding to VEGFR-2 and the formation of corneal blood vessels. This in turn 
maintains corneal avascularity and transparency.  
 
Cellular Migration and Adhesion 
When viewed microscopically, cell migration can be distinguished by membrane 
ruffles and lamellipodial formation. Membrane ruffling indicates that Rac1 has rapidly 
stimulated actin filament accumulation at the plasma membrane (Ridley, Paterson, 
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Johnston, Diekmann, & Hall, 1992) Rac1 is a small guanosine triphosphatase (GTPase) 
that is a part of the family of Rho GTPases which include members such as RhoA and 
Cdc42 (Nohata et al., 2016). Roles of Rac1 include regulating the cytoskeleton, formation 
of lamellipodial extensions, cell adhesion and motility, and maintaining cell-cell 
junctions (Hoang, Nagy, Senger, 2011). The Rac1 protein exists in two states: an inactive 
guanine diphosphate (GDP) bound form or an active guanine triphosphate (GTP) bound 
form (Bosco, Mulloy, & Zheng, 2009). When triggered by an extracellular signal, 
guanine nucleotide exchange factors (GEFs) convert Rac1 to its active form and 
conversely, GTPase-activating proteins (GAPs) will covert Rac1 to its inactive form 
(Hoang, Nagy, & Senger, 2011). Rac1 initiates migration by causing protrusion of the 
leading edge (Parsons, Horwitz, & Schwartz, 2010). Rac1 participates in a number of 
different signaling cascades. For example, when Rac1 is activated, it first turns on the 
Wiskott-Aldrich Syndrome Protein (WASP) and WASP - family verprolin homologous 
(WAVE) and then activates the actin related protein (ARP)  ⅔ complex which in turn 
causes actin polymerization (Horwitz, Parsons, and Schwartz, 2010). The newly formed 
actin filaments then bind to various proteins which may bind to integrins (Parsons, 
Horwitz, & Schwartz, 2010). Integrins are a large family of transmembrane proteins 
comprised of two subunits that are separate gene products (alpha and beta) (Cooper, 
2000). Each heterodimer has a matrix-binding region that binds specific matrix proteins 
(i.e.: collagen, laminin, fibronectin) and this outside-in signaling can promote cellular 
movement (Cooper, 2000). On the cytoplasmic side there are a complex of proteins that 
associate with integrins and through a large complex of proteins bind to newly 
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polymerized actin filaments. These include Talin, Vinculin, α-Actinin, and Kindlin. 
Talins form antiparallel homodimers and activate integrins (Parsons, Horwitz, & 
Schwartz, 2010). Vinculin is a protein that can play a role in cell-cell and cell-
extracellular matrix junctions and phosphorylation of specific residues causes the 
vinculin to change shape and open up binding sites (Burridge et al., 1988). α-Actinin 
forms antiparallel homodimers in a rod-like structure which allows it to cross link two 
actin filaments. Lastly, kindlins work together with talins to activate integrins (Parsons, 
Horwitz, & Schwartz, 2010). Once these and additional scaffolding proteins are recruited 
by integrins, traffic to the plasma membrane, and the link between the actin fibers and 
integrins occur, cellular movement can ensue (Parsons, Horwitz, & Schwartz, 2010).  
 
 
 
 
 
 
 
 
 
 
Figure 3. Actin Filaments, Focal Adhesion Proteins, and Integrins:  
Key Components of Cell Migration and Adhesion. Figure taken from ResearchGate 
(2019).     
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Limbal Epithelial Stem Cell and Corneal Epithelial Stem Cell Hypotheses  
 Corneal epithelium is comprised of approximately 5-7 layers of nonkeratinized 
stratified squamous epithelium that live for 7-10 days before undergoing involution, 
apoptosis, and desquamation (Sridhar, 2018). Stem cell hypotheses surrounding the 
concept of corneal epithelium renewal and homeostasis have been heavily debated in the 
scientific community. For cells to be considered a stem cells, they must meet 5 
qualifications: error free proliferation, poor differentiation, long lifespan, long cell cycle 
time, and symmetric and asymmetric division (Ebrahimi, Taghi-Abadi, & Baharvand, 
2009). Error free proliferation means that the cell has several protective mechanisms set 
in place to prevent any errors produced during stem cell mitosis from being permanently 
passed onto a whole clone of cells (Ebrahimi, Taghi-Abadi, & Baharvand, 2009). Poor 
differentiation describes the concept that stem cells do not differentiate beyond their 
current state; studies of stem cells have shown that their cytoplasms are primitive and 
have few products of differentiation (Ebrahimi, Taghi-Abadi, & Baharvand, 2009). Long 
lifespan implies that the stem cells remain alive for the lifetime of the organism in which 
it resides (Ebrahimi, Taghi-Abadi, & Baharvand, 2009). Long cell cycle means that 
although stem cells have high proliferative potential, they have low proliferative rates 
under steady state/basal conditions (Ebrahimi, Taghi-Abadi, & Baharvand, 2009). Lastly, 
symmetric division occurs when the stem cell divides and becomes two identical stem 
cells as where during asymmetric division, one cell remains a stem cell while the other 
becomes a daughter cell that is destined to divide, differentiate, and acquire features that 
characterize a specific tissue (Ebrahimi, Taghi-Abadi, & Baharvand, 2009).  
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The most accepted explanation regarding corneal epithelial replenishment and 
homeostasis lies in the Limbal Epithelial Stem Cell (LESC) Hypothesis. The limbus is a 
transitional location that separates the cornea from the conjunctiva and the sclera that lies 
beneath it (Coroneo, Cursiefen, Lentzsch, and Notara, 2017). The LESC Niche is where 
LESCs reside in the basal layer within the limbus (Notara, Lentzsch, Coroneo, & 
Cursiefen, 2017). When it is time to replenish the corneal epithelium, due to wounding or 
normal epithelial cell replacement, it is hypothesized that LESCs within the limbus first 
asymmetrically divide leaving one cell as a stem cell and the other to become what is 
called an early transient amplifying cell (eTAC) (Ebrahimi, Taghi-Abadi, & Baharvand, 
2009). The eTACs then moves along the limbal basal layer until they reach the basement 
membrane of the cornea where they differentiate into late transient amplifying cells 
(TAC) (Ebrahimi, Taghi-Abadi, & Baharvand, 2009). The TACs differentiate again into 
post-mitotic cells (PMC) and become located along the corneal basement membrane 
(Ebrahimi, Taghi-Abadi, & Baharvand, 2009). Lastly, PMCs undergo a final 
differentiation and become superficial terminally differentiated cells (Ebrahimi, Taghi-
Abadi, & Baharvand, 2009). Although this hypothesis seems highly plausible, especially 
since there has been documented evidence of centripetal migration of limbal cells 
towards the corneal center (Yoon, Ismail, Sherwin, & 2014), certain animal model based 
studies believe that the stem cells replenishing the corneal epithelium are actually located 
throughout the basal layer of the cornea and that LESCs are not needed to maintain the 
corneal epithelium (Yazdanpanah, Jabbehdari, & Djalilian, 2017). This is known as the 
Corneal Epithelial Stem Cell (CESC) Hypothesis.  
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The CESC hypothesis is rooted in an older hypothesis known as the X, Y, Z 
hypothesis which explains that replenishment of corneal epithelial cells requires X, the 
proliferation and anterior migration of basal corneal epithelial cells, Y, that those same 
epithelial cells need to move towards the center of the cornea, and Z, that the old cells 
will be removed from the corneal surface (Yazdanpanah, Jabbehdari, & Djalilian, 2017). 
After a study was conducted using rabbit corneas to better understand corneal epithelium 
replacement, researchers believed that the CESC hypothesis was more probable due to an 
earlier experiment where it was discovered in mice that cells migrating from the limbus 
toward the center of the cornea moved at a rate of 17-26µm/day (Haddad & Faria-e-
Sousa, 2014). Applying this rate to the average radius of a rabbit’s cornea, the researchers 
calculated that it would take between 270-411 days for a limbal cell to migrate towards 
the center of the cornea (Haddad & Faria-e-Sousa, 2014). This contradicts the 
aforementioned corneal epithelial turnover time of 7-10 days (Sridhar, 2018) and 
suggests that the corneal epithelium would be long gone if it took this amount of time to 
replenish it (Haddad & Faria-e-Sousa, 2014).  
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Figure 4: Limbal Epithelial Stem Cell Hypothesis. Firstly, LESCs residing in the 
limbus of the eye asymmetrically divide into eTACs. Next, eTACs differentiate into 
suprabasal PMCs. Lastly, PMCs differentiate into superficial TDCs and replace old 
corneal epithelium. Figure taken form Niche Regulation of Corneal Epithelium Stem 
cells at the Limbus (2011). 
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Diseases Affecting Corneal Health 
 According to the Mayo Clinic, obesity is characterized as a disorder involving 
excessive amount of body fat that can result in serious health risks (Clinic, 2019). Studies 
have shown that obesity causes a state of hypoxia because as the adipocyte size increases, 
oxygen availability becomes limited (Trayhurn, 2013). Low partial pressure of oxygen 
(PO2) can result in adipocytes converting from oxidative metabolism to anaerobic 
glycolysis thus causing an increase in glucose uptake and utilization (Trayhurn, 2013). 
Increased glucose use can result in elevated lactate release which in turn can alter 
induction of insulin into skeletal muscles (Trayhurn, 2013). Low PO2 can also cause 
adipocytes to express and secrete leptin which can have a negative impact on insulin 
sensitivity (Trayhurn, 2013). This hypoxic state can have detrimental effects on the 
Figure 5. Corneal Epithelial Stem Cell Hypothesis. Firstly, CESCs residing in the 
basal corneal epithelial later asymmetrically divide to become TACs. Next, TACs 
undergo anterior migration and differentiate into PMCs. Lastly, PMCs undergo 
another anterior migration and differentiate into superficial TDCs and replace old 
corneal epithelium. Taken from Limbal and Corneal Epithelial Homeostasis (2017). 
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cornea such as promoting vascularization and extracellular matrix (ECM) protein 
wear/depletion (Onochie, Onyejose, Rich, & Trinkaus-Randall, 2019).  
According to the American Diabetes Association (ADA), obesity has been linked 
to being a risk factor for developing Type 2 Diabetes (Classification and Diagnosis of 
Diabetes, 2019). Type 2 Diabetes is classified as a disease where affected individuals 
have insulin deficiency and peripheral insulin resistance (Classification and Diagnosis of 
Diabetes, 2019). Diabetes has many detrimental health complications such as kidney 
disease, high blood pressure, stroke, and peripheral neuropathies (ADA, 2019a). Diabetes 
can have drastic effects on ocular health resulting in diseases like Glaucoma, Cataracts, 
and Retinopathy (ADA, 2019b). It can also impact corneal health with peripheral 
neuropathy of sensory corneal nerves and the disease can inadvertently produce hypoxic 
conditions throughout the body. The most severe issues faced by patients suffering from 
diabetes are a result of vascular complications; more specifically, atherosclerosis (Rask-
Madsen & King, 2013).   
Atherosclerosis is a disease where plaque builds up inside and along the walls of 
arteries (National Heart, Lung, and Blood Institute, 2019). Diabetic patients are reported 
to have high levels of triglycerides and glucose in their blood, but no signs of elevated 
low density lipoprotein (LDL) which is a major contributor to atherosclerosis 
development (Rask-Madsen & King, 2013). When apolipoprotein B, a major protein 
contributor to LDL, and modified LDL become stuck in the arterial intima, macrophages 
are recruited, phagocytose the lipoproteins, and then differentiate into foam cells (Rask-
Madsen & King, 2013). The foam cells subsequently release cytokines and chemokines 
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into the area which triggers an immune response (Rask-Madsen & King, 2013). Another 
event that can activate proinflammatory pathways in diabetic patients is the 
overproduction of reactive oxygen species (ROS) as a result of changes in glucose 
metabolism (Rask-Madsen & King, 2013). The plaque buildup that now contains lipids, 
leukocytes, and ECM, deposited by vascular smooth muscle cells (Rask-Madsen & King, 
2013), not only decreases blood flow, but renders oxygen unloading to tissues nearly 
impossible as the oxygen can no longer readily diffuse through the arterial wall. This in 
turn creates a hypoxic environment. Diabetes has also been shown to cause loss of both 
palpebral and bulbar conjunctival capillaries (Owen et al., 2008). This loss of capillaries, 
especially during sleep hours, directly and significantly impacts the cornea because this is 
how they receive oxygen. This can result in impaired wound healing and/or total vision 
loss.  
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Figure 6. The Effects of Atherosclerosis, Nephropathy, and Retinopathy on 
Vasculature in Diabetes. Taken from Vascular Complications of Diabetes: Mechanisms 
of Injury and Protective Factors (2013). 
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SPECIFIC AIMS 
To understand how changes on a microscopic scale can severely impact macroscopic 
structures, this study plans to:   
1. Determine the effects of substrate stiffness and matrix protein on Human Corneal 
Limbal Epithelial Cell behavior under Normoxic conditions   
2. Examine the effects of hypoxia on the morphology and behavior of Human 
Corneal Limbal Epithelial Cells 
3. Discuss corneal pathologies resulting from hypoxic conditions ensuing from pre-
existing conditions  
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METHODS AND MATERIALS 
Reagents 
Collagen from human placenta (Bornstein and Traub Type IV, catalog #C5533-5MG) 
was obtained from Sigma Aldrich (St. Louis, MO). Human plasma fibronectin (catalog 
#FC010-10MG) was purchased from EMD Millipore Corporation (Temecula, CA). 
Keratinocyte serum-free medium (K-SFM) 1X(catalog #10724-011), human recombinant 
Epithelial Growth Factor (EGF, catalog #10450-013), and Bovine Pituitary Extract 
(catalog #13028-014) were purchased from GIBCO (Grand Island, NY). Penicillin-
Streptomycin (catalog #30-002-CI) and Dulbecco’s modified Eagle’s medium (DMEM) 
with 1 g/L glucose (catalog #10-014-CV) were acquired from Cellgro (Herndon, VA). 
VectaSHIELD Antifade Mounting Medium with 4’, 6-diamidino-2-phenylindole (DAPI) 
(catalog #H-1200) was purchased from Vector Laboratories (Burlingame, CA). 
Rhodamine Phalloidin (catalog #R415) was purchased from Life Technologies 
Corporation. Trypan Blue Solution (catalog #T8154) was purchased from Sigma Aldrich 
(St. Louis, MO).  
Cell Culture 
Human Corneal Limbal Epithelial (HCLE) cells were a gift from the lab of Dr. Ilene K. 
Gipson (Harvard Medical School, Boston, MA). Cells were cultured in Keratinocyte-
serum free media (K-SFM), supplemented with 0.5% amphotericin B, 0.02 nM EGF, 25 
μg/mL bovine pituitary extract, 0.03 mM CaCl2, 100 U/mL penicillin, and 100 μg/mL 
streptomycin.   
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Live Cell Imaging 
Polyacrylamide gels of varying stiffness (Matrigen) were coated with 2.5mg/mL Type IV 
Collagen or 0.5mg/mL Fibronectin for 1 hour at room temperature under a tissue culture 
hood. After 1 hour, gels were washed three times with PBS under a tissue culture hood. 
To determine the role of matrix protein and stiffness on cell morphology and behavior, 
cells were added at a density of 40 cells/mm2 on Fibronectin or Type IV Collagen coated 
polyacrylamide gels (Matrigen, Brea, CA), or glass bottom microwell dishes (MatTek 
Corporation, Ashland, MA), and cultured in K-SFM, supplemented with 30 μg/mL 
bovine pituitary extract, 0.032 nM Epithelial Growth Factor (EGF), and 100μ/mL 
penicillin-streptomycin. The stiffness used were 0.2, 8, 25, and 50kPa. Epithelial cells 
were incubated under hypoxic conditions (1% O2, 5% CO2, and 94% N2) using a 
hypoxic chamber (New Brunswick Scientific, Enfield, CT) for 2, 3, 5, 18, and 24 hours. 
Control epithelial cells were incubated in a normoxic environment (21% O2, 5% CO2, 
and 74% N2) for equivalent time periods. After 24 hour incubation, all cells were fixed 
with 4% paraformaldehyde and stained with Rhodamine Phalloidin for 1 hour at room 
temperature. Live cell imaging was performed using Zeiss LSM 880 Confocal 
Microscope with the environmental chamber and temperature set to 35°C. Images were 
taken using a 20x objective at 2, 3, 5, 18, and 24 hours and analysis was conducted using 
FIJI. 
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Statistical Analysis  
Values are means ± SEM of at least three independent experiments. Statistical 
significance was determined by two-way analysis of variance (ANOVA) using GrapPad 
Prism 7 (GraphPad Software, San Diego, CA).  
 
PRELIMINARY METHODS AND MATERIALS OF ONGOING EXPERIMENTS 
 
Corneal Tissue Preparation 
Standards of the Association for Research in Vision and Ophthalmology for the 
Use of Animals in Ophthalmic Care and Vision Research and the Boston University 
IACUC were used for this research protocol. Eight and fifteen week aged C57BL/6J mice 
were obtained from The Jackson Laboratory (The Jackson Laboratory; Bar Harbor, ME). 
Control mice (Ctrl) were fed a Control Diet D12450B (10 kcal% fat, 3.8 kcal/g) while the 
type 2 pre-diabetic diet induced obesity (DIO) mice were fed a High Fat Diet (HFD) 
D12492 (60 kcal% fat, 5.2 kcal/g).  
Corneal Lysate Preparation  
One, 8 Week old Ctrl, 15 Week old Ctrl, 8 Week old DIO, and 15 Week old DIO 
mice were euthanized and incubated on ice for 1-1.5 hours; these mice represented an 
unwounded (UW) state. One, 8 Week old Ctrl, 15 Week old Ctrl, 8 Week old DIO, and 
15 Week old DIO mice were euthanized, had superficial cuts were made to their corneas, 
and were incubated on ice for 1-1.5 hours; these mice represented a wounded (W) state.  
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After the incubation period, the corneal epithelium was scraped off and the tissue 
for each condition were added to separate microcentrifuge tubes containing Lysis Beads 
and 150µL of Cell Lysis Buffer. Contents were then vortexed for 30 seconds to 1 minute 
each and incubated on ice for 10 minutes. Vortexing and ice incubation was repeated at 
10-minute intervals for 1 hour. After vortexing, tubes were centrifuged at 10,000 x g for 
30 minutes at 4°C. All reagents used to prepare corneal lysates were obtained from a Full 
Moon Biosystems Protein Extraction Kit except the Cell Lysis Buffer which was 
obtained from Cytoskeleton, Inc.  G-LISA Rac1 Activation Assay Biochem Kit.  
Activation Assay 
 Rac1 activation levels of the aforementioned corneal lysates were examined using 
the G-LISA Rac1 Activation Assay Biochem Kit purchased from Cytoskeleton, Inc. Prior 
to performing the assay, the total protein concentrations of each lysate were diluted to the 
concentration of the most dilute sample using cold, cell lysis buffer. To begin, the 
necessary amount of assay strips were removed, placed in an assay strip holder, and the 
powder at the bottom of each well was washed with 100 µL of ice-cold water. After 
washing, 50 µL of either buffer blanks, Rac1 Control Protein, and lysate samples were 
each loaded into separate, duplicate wells of the assay strips and the strip holder was 
placed on a cold orbital microplate shaker (200-400 rpm) at  4°C for 30 minutes. After 30 
minutes, each well was washed twice with 200 µL of room temperature Wash Buffer. 
After washing, 200 µL of Antigen Presenting Buffer was added to each well for exactly 2 
minutes. After 2 minutes, the strips were washed three times with 200 µL of room 
temperature Wash Buffer.  Following the wash, each assay well received 50 µL of diluted 
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anti-Rac1 primary antibody and the strip holder was placed on an orbital shaker (200-400 
rpm) at room temperature for 45 minutes. After Anti-Rac1 incubation, wells were washed 
three times with 200 µL of room temperature Wash Buffer. Following the wash, 50 µL of 
secondary antibody were added to each well and the strip holder was placed on a 
microplate shaker (200-400 rpm) at room temperature for 45 minutes. After secondary 
antibody incubation, the wells were washed a final time with 200 µL of room temperature 
Wash buffer. Following the wash, 50 µL of Horseradish Peroxidase (HRP) detection 
reagent was added into each well and incubated at room temperature for 20 minutes. 
After 20 minutes, 50 µL of HRP Stop Buffer was added to each well, the strip holder 
with corresponding strips was placed in a Spectra Max 190 Microplate Reader, and the 
sample signals were read by measuring absorbance at 490 nm. 
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RESULTS 
Changes in stiffness and matrix alter HCLE cell morphology 
To determine the roles that substrate stiffness and matrix protein have on 
epithelial cell behavior, subconfluent epithelial cells were examined at different time 
points. Live cell imaging was performed on cells seeded onto Fibronectin and Type IV 
Collagen-coated polyacrylamide gels with stiffness values of 0.2, 8, 25 and 50 kPa. These 
were compared to glass cover slips coated with the 2 matrix proteins. The range of values 
were chosen to simulate the stiffness of the epithelial surface (0.2 kPa), the basement 
membrane zone (8 kPa), and the corneal stroma (40-50 kPa). Cells were plated and 
cultured in normoxic and hypoxic environments and examined at 2, 3, 5, 18, and 24 
hours. Representative images of the cellular morphology are shown (Fig. 7 and 8). At 24 
hours cells were stained with Rhodamine Phalloidin to examine cellular architecture (Fig. 
12).Under Normoxic conditions, membrane ruffling was present throughout all 
stiffnesses coated with Type IV Collagen at 3 and 18 hours (see arrows) (Fig. 7). 
However, on Fibronectin coated stiffnesses, membrane ruffling was detected only at 18 
hours (see arrows) (Fig. 7). At 3 hours, membrane blebbing was detected on Fibronectin 
coated 0.2 kPa (see arrows) (Fig. 7). Major changes that occurred under hypoxic 
conditions at all stiffness values included increased volume and flattening of the cell 
shape; morphological changes that have been associated with cellular senescence (Ben-
Porath and Weinberg, 2004) (Fig. 8). Under hypoxic conditions, cytosolic vacuoles were 
prominent by 18 hours with cells cultured on Fibronectin. These cells exhibited greater 
levels of stress compared to cells cultured on Type IV Collagen at 18 hours (Fig. 8). 
23 
 
These vacuoles can be features of cellular stress induced by hypoxia (Shimizu et al., 
1996). In addition under hypoxic conditions, membrane ruffling was less extensive on 
cells seeded on Fibronectin coated substrates compared to cells seeded on Type IV 
Collagen. The role of stiffness and matrix protein on cell circumference under normoxic 
and hypoxic conditions, respectively, are shown in Figures 9-10. When cells were 
cultured under Normoxic conditions on Fibronectin and Type IV collagen at the 5 
stiffness values, the effect of stiffness on average cell circumference was consistently 
greatest between cells cultured on 8kPa and glass coated Type IV collagen at 2, 3, 18 and 
24 hours (***P < 0.001; *P< 0.05; *P< 0.05; and ****P< 0.0001 respectively; Two-Way 
ANOVA) (Fig. 9A). On the Fibronectin coated substrates, differences were only 
significant at 2 hours between 8kPa and glass (*P<0.05; Two way ANOVA) (Fig. 9A). 
When cells seeded on either matrix protein were compared, there were significant 
differences in circumference between cells cultured on Type IV collagen and Fibronectin 
at 0.2kPa, 8kPa, 25kPa, 50kPa, and glass (*P<0.05, **P< 0.01, ***P<0.001 and ****P< 
0.0001; Two-Way ANOVA ) at both 2 and 3 hours (Fig. 9B). The role of matrix protein 
was detected at later time points on 0.2 kPa (Fig. 9B). This could be explained by 
extensive early work demonstrating that cells deposit matrix proteins over time 
(Bergethon et al.,1989). In contrast to normoxic conditions, when cells were cultured 
under hypoxia, the effects of stiffness were more significant than the effects of matrix 
protein (Fig. 10A, B). Significant differences were detected between cells cultured on 
0.2kPa and glass coated with Type IV collagen at 2, 3, and 18 Hours (***P < 0.001, *P< 
0.05, and *P< 0.05 respectively; Two-Way ANOVA) (Fig. 10A). Likewise, significant 
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differences were detected between cells cultured on the 0.2 kPa and stiffer substrates 
coated with Fibronectin at 3, 5, 18, and 24 Hours (*P< 0.05, **P< 0.01; ***P< 0.001; 
and ****P< 0.0001; Two-Way ANOVA) (Fig. 10A). When comparing cells on either 
matrix protein, there was a significant difference between cells cultured on Type IV 
collagen and Fibronectin at 25kPa (***P < 0.001; Two-Way ANOVA) at 18 Hours (Fig. 
10B). Overall, the data presented indicates that cell morphology and behavior are 
influenced by substrate stiffness. However, within a stiffness, there was a greater 
influence of matrix protein on average cell circumference under normoxic conditions 
than under hypoxic conditions (Fig. 9B). 
Changes in environment can affect HCLE cell morphology over time 
To understand the direct effect of environment on average cell circumference, data 
from aforementioned live cell imaging of cells seeded onto Type IV Collagen and 
Fibronectin coated polyacrylamide gels of different stiffness values, under normoxic and 
hypoxic conditions, were compared over time (Fig. 11). Under normoxic conditions, cells 
plated on either Type IV Collagen or Fibronectin experienced differences in average cell 
circumference on multiple stiffnesses and at various time points. Cells plated on a 
stiffness at 0.2kPa significantly differed at 2, 3, 5, and 24 Hours (****P< 0.0001, ****P< 
0.0001 **P< 0.01, and *P< 0.05 respectively; Two-Way ANOVA) (Fig. 11A). On 8kPa 
gels, significant difference in circumference were noted at 2 and 3 Hours (*P< 0.05 and 
*P< 0.05 respectively; Two-Way ANOVA) (Fig. 11A). Cells plated on 25kPa showed 
significant difference at 2, 3, and 5 hours (****P< 0.0001, ****P< 0.0001, and **P< 
0.01 respectively; Two-Way ANOVA) (Fig. 11A). On a stiffness of 50kPa, cells 
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displayed difference in average cell circumference at 2 and 3 hours (****P< 0.0001 and 
**P< 0.01 respectively; Two-Way ANOVA) (Fig. 11A). Lastly, cells plated on glass 
showed significant difference in average cell circumference at 2, 3, and 24 Hours (**P< 
0.01, ****P< 0.0001, and *P< 0.05 respectively; Two-Way ANOVA) (Fig. 11A). Under 
hypoxic conditions, cells plated on either Type IV Collagen and Fibronectin experienced 
fewer cases of significant differences in average cell circumference. Cells plated on 8kPa 
only displayed significant difference in cell circumference at 3 Hours (*P< 0.05; Two-
Way ANOVA) (Fig. 11B). Significant differences were detected for cells plated on gels 
with a stiffness of 25kPa at 2, 18, and 24 Hours (**P< 0.01, ***P < 0.001, and *P< 0.05 
respectively; Two-Way ANOVA) (Fig. 11B). Lastly, cells plated on glass displayed 
significant difference at 2 Hours. (*P< 0.05; Two-Way ANOVA) (Fig. 11B). 
In Figure 11, under both environmental conditions, one can see the greatest change 
in cell circumference between 3 and 18 hours before average cell circumference begins to 
level off and remain consistent by 24 hours.  At 5 hours, under both environmental 
conditions, cells plated on Type IV Collagen and Fibronectin coated dishes experienced a 
reduction in average cell circumference, but later increased in size as time continued. One 
can assume that by 5 hours, the cells had ample time to adjust to their environment and 
their behavior/morphology changed accordingly. However further experimentation would 
need to be performed to verify this statement. Overall, under normoxic conditions, cells 
plated on Collagen had an overall greater average cell circumference (Fig. 11A) as where 
cells plated on Fibronectin had an overall greater average cell circumference under 
hypoxic conditions (Fig. 11B).  
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Figure 7. Human Corneal Epithelial Cell Morphology. Epithelial cells were cultured 
on Fibronectin- and Collagen IV-coated substrates of different stiffness values under 
normoxic conditions. Images are representative of a minimum of 3 independent 
experiments for each time point and condition. Changes in cell morphology are substrate 
and environment dependent. Scale bar = 66 μm. 
 
Figure 8. Human Corneal Epithelial Cell Morphology. Epithelial cells were cultured 
on Fibronectin- and Collagen IV-coated substrates of different stiffness values under 
hypoxic conditions. Images are representative of a minimum of 3 independent 
experiments for each time point and condition. Changes in cell morphology are substrate 
and environment dependent. Scale bar = 66 μm. 
 
Figure 9. The Role of Matrix Protein and Stiffness on Cell Circumference. Cell 
shape was determined using FIJI. 9A- 9B show the effects of stiffness and substrate over 
time under normoxic conditions. Statistical analysis was conducted (ANOVA). Standard 
error bars are ± S.E.M. *P < 0.05, **P < 0.01, ***P <0.005, and ****P < 0.005. 
 
Figure 10. The Role of Matrix Protein and Stiffness on Cell Circumference. Cell 
shape was determined using FIJI. 10A-10B show the effects of stiffness and substrate 
over time under hypoxic conditions. Statistical analysis was conducted (ANOVA). 
Standard error bars are ± S.E.M. *P < 0.05, **P < 0.01, ***P <0.005, and  
****P < 0.005. 
 
Figure 11. The Role of Environment on Cell Circumference. Cell shape was 
determined using FIJI. 11A-11B show the effects of environment over time. Statistical 
analysis was conducted (ANOVA). Standard error bars are ± S.E.M. *P < 0.05,  
**P < 0.01, ***P <0.005, and ****P < 0.005. 
 
Figure 12. Rhodamine Phalloidin Stained Human Corneal Limbal Epithelial Cells 
at 24 Hours. Cells were seeded on different stiffnesses coated with either Type IV 
Collagen or Fibronectin and incubated for 24 hours under Normoxic or Hypoxic 
conditions. Cells were stained with Rhodamine Phalloidin. Images are representative of a 
minimum of 3 independent experiments for each time point and condition. Scale bar = 55 
microns 
 
 
 
 
33 
 
PRELIMINARY RESULTS OF ONGOING EXPERIMENTS 
 
Rac1 is a GTPase responsible for initiating a cascade of downstream signals 
responsible for lamellipodia formation and cell migration. Rac1 activation, for example, 
can occur when cytokines/chemokines are released into the environment due to injury of 
nearby cells. To determine if Rac1 activation levels differ under hypoxic conditions, 
baseline activation levels must first be established for Ctrl and DIO mice under normoxic 
conditions. From the mice obtained, 8 separate lysates were prepared. It is hypothesized 
that: 
1. Ctrl/Wounded lysates will express higher levels of activated Rac1 
than Ctrl/Unwounded lysates  
2. DIO/Unwounded lysates would express higher levels of activated 
Rac1 than DIO/Wounded  
3. DIO/Unwounded lysates would express lower levels of activated 
Rac1 than Ctrl/Unwounded and Ctrl/Wounded 
 
After analyzing G-LISA Activation Assay data, the results varied from predicted 
outcomes for all 15 Week old corneal lysates. Additional trial experiments need to be 
conducted in order to support or refute the validity of these results.   
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Table 1: Corneal Lysate Descriptions 
 
Lysate Code Lysate Content 
L1 8 Week Control Unwounded 
L2 8 Week DIO Unwounded 
L3 8 Week Control Wounded 
L4  8 Week DIO Wounded 
L5 15 Week Control Unwounded 
L6 15 Week DIO Unwounded 
L7 15 Week Control Wounded 
L8 15 Week DIO Wounded 
 
 
Table 2: G-LISA Activation Assay Results 
 
Lysate 
Code 
 Activated Rac1 
Concentration/Lysate 
Percentage of Activated 
Rac1/Lysate 
L1 89.320 ng/mL 0.03% 
L2 70.818 ng/mL 0.02% 
L3 86.985 ng/mL 2.3% 
L4  20.447 ng/mL 0.003% 
L5 42.682 ng/mL 0.009% 
L6 24.188 ng/mL 0.003% 
L7 33.293 ng/mL 0.009% 
L8 39.953 ng/mL 0.008% 
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DISCUSSION 
Hypoxia and Cellular Senescence 
 Diseases like obesity and diabetes can create a hypoxic environment within the 
body that can severely alter ocular health. Hypoxia has been shown to affect ECM 
integrity and cellular ECM deposition in the cornea (Onochie, Onyejose, Rich, & 
Trinkaus-Randall, 2019). Hypoxic conditions also act as a stressor that can cause cells to 
undergo cellular senescence (Ben - Porath and Weinberg, 2004). Cellular senescence is a 
phenomenon where cells enter a stage of cell cycle arrest in response to stress such as 
hypoxia, chemotherapeutic agents, oncogenic activation, intrinsic and extrinsic insults, 
and oxidative stress (Herranz & Gil, 2018). Betteridge (2000) defines oxidative stress as 
an imbalance between the production of ROS and antioxidant defenses. There are many 
detrimental effects that elevated ROS levels can have on the body. Elevated ROS levels 
in obese and diabetic patients occur as a result of excessive amounts of circulating 
glucose and lipids being fed into metabolic pathways in both adipose and non-adipose 
cells (McMurray, Patten, & Harper, 2016). Studies have shown that obesity causes an 
overproduction of ROS which can lead to insulin resistance (Norouzirad, Gonzalez-
Muniesa, & Ghasemi, 2017). The buildup of ROS in the cytoplasm stresses cells and this 
can lead to senescence (Norouzirad, Gonzalez-Muniesa, & Ghasemi, 2017). 
Microscopically, cellular senescence results in notable morphological changes such as 
increase in volume, loss of original shape, and acquisition of a flattened cytoplasm (Ben-
Porath and Weinberg, 2004). 
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  Although there were only several cases of significant difference in average cell 
circumference between cells plated on Type IV Collagen and Fibronectin under hypoxic 
conditions in Figure 11B, cells plated on fibronectin coated dishes experienced overall 
greater average cell circumference than those plated on collagen (Fig. 11B). Findings in 
Lee et al. (2018) state that when corneas are exposed to hypoxic conditions, there is a 
decrease in the cellular deposition of fibronectin, a key ECM protein cells adhere to when 
undergoing migration. In a similar manner, findings in Obi et al. (2019) suggest that a 
hypoxic environment can result in diminished integrity of ECM proteins such as collagen 
and fibronectin; fibronectin is affected to a greater degree. Looking at Figure 8, cellular 
membrane ruffling can be noted at 3 and 18 hours on the less stiff substrates coated with 
Collagen IV, but signs of stress in the form of extensive vacuolizations - a sign of cellular 
senescence  (Kuilman, Michaloglou, Mooi, & Pepper, 2010) - are visible at these time 
points, in photos of the remaining stiffnesses coated with Type IV Collagen, and in all the 
photos of cells plated on stiffnesses coated with Fibronectin. Based on data reported from 
earlier studies, it can be assumed that cells in this study are making attempts to migrate, 
but their efforts are being negated due to the aforementioned effects of hypoxia such as 
weakened ECM integrity and altered deposition of extracellular matrix proteins. As a 
result, average cell circumference of the cells depicted in Figure 8 were a result of 
increased volume and flattening of cell shape; morphological changes associated with 
cellular senescence (Ben-Porath and Weinberg, 2004). This differs from cells depicted in  
Figure 7 that experience increased average cell circumference as a result of lamellipodia 
formation.  
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Corneal Neovascularization  
Although normal corneas have mechanisms in place to remain avascular and 
transparent, corneas of patients with obesity and/or diabetes experience prolonged levels 
of hypoxia which in turn can induce the formation of blood vessels; a process known as 
neovascularization. Hypoxia-inducible factor 1 (HIF-1) is a transcription factor that has 
the ability to transactivate the expression of proangiogenic genes when it binds to the 
hypoxia response element of VEGF promoters under hypoxic conditions (Chen, Wang, 
Wang, Xie, & Yin, 2012). VEGF is needed to promote the formation of vasculature and 
studies have shown that when the cornea is in a state of hypoxia, both VEGF and HIF-1α 
(a subunit of HIF-1 that directly activates VEGF transcription) levels are considerably 
high (Chen,Yin, Wang, Wang, & Xie, 2012). This can be interpreted as the cornea’s last 
stitch effort to obtain oxygen through blood flow before further corneal epithelium 
damage ensues.   
 
 
 
Figure 13 & 14: Depiction of Corneal Vascularization. 
Taken from Corneal Neovascularization (2019) and Horizons 
in Therapy for Corneal Angiogenesis (2011) respectively.   
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Depletion of the Limbal Epithelial Stem Cell Niche 
Based on the LESC hypothesis, stem cells of the limbus differentiate and migrate 
towards the center of the cornea to replace corneal epithelial cells that have peeled off. If 
a LESC Niche is depleted, it can cause Limbal Stem Cell Deficiency (LSCD), a 
dysfunction that can affect corneal tissue homeostasis (Notara, Lentzsch, Coroneo, & 
Cursiefen, 2017). Causes of LSCD can be classified into hereditary (primary) or acquired 
(secondary) categories (He & Yiu, 2014). Some cases of acquired of LSCD are a result of 
prolonged contact lens wear, chemical and thermal burns, inflammatory ocular surface 
disease, and systemic disease such as diabetes and vitamin A deficiency (He & Yiu, 
2014).  
After reviewing previous studies, I suggest that diabetes induced hypoxia could 
affect a LESC Niche and cause LSCD in two potential ways. One, the hypoxic 
environment could readily cause LESCs within the limbus to undergo cellular 
senescence; with no stem cells undergoing asymmetric division, no differentiation occurs 
and corneal epithelium cannot be renewed. Two, even though there may be viable cells 
remaining in the limbus, the hypoxic environment could affect ECM integrity and cell 
migration. This in turn prevents cells from replenishing old or abrasion-sustained cells of 
the corneal epithelium. Progressive or untreated LSCD can result in neovascularization 
and/or a phenomenon known as conjunctivalization (Notara, Lentzsch, Coroneo, & 
Cursiefen, 2017). Conjunctivalization occurs when conjunctival epithelium and 
vasculature travel to and invade corneal tissue because the barrier between the cornea and 
limbus is lost (Notara, Lentzsch, Coroneo, & Cursiefen, 2017). Conjunctival epithelium 
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varies vastly from corneal epithelium as it is highly vascular, contains goblet cells, and is 
composed of stratified columnar cells (Dua & Azuara-Blanco, 2000). Left untreated, 
conjunctivalization can result in impaired vision or complete blindness.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15 & 16: Depiction of Partial and Full 
Conjunctivalization. Taken from Limbal Stem Cell 
Deficiency (2019). 
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Corneal Basal Epithelial Cell Damage 
Based on the CESC hypothesis, corneal basal cells are responsible for 
replenishing corneal epithelial cells. If true, diseases such as obesity and diabetes can 
affect corneal health in several ways. For example, a hypoxic state, which can be induced 
by obesity or diabetes, can result in tear film and overall corneal damage. A patient 
suffering from both obesity and diabetes may experience additional health issues such 
diabetic neuropathies which can cause progressive nerve fiber loss (Bikbova, Oshitari, 
Baba, Bikbov, and Yamamoto, 2018). The cornea is a highly innervated tissue, but if 
sensitivity has decreased due to nerve loss, a patient would not notice when they are 
sustaining continuous corneal abrasions. Even if the wounds are small, the damage 
continues to accumulate to the point where corneal epithelium damage/death out paces 
corneal epithelium renewal.  These and other external factors could drastically damage 
the corneal epithelium, leave the hypothesized basal stem cells and deeper corneal layers 
exposed, and potentially cause irreparable harm that leaves the patient visually impaired.  
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CONCLUSION 
Exposing HCLE cells to two different environmental conditions allowed us to 
evaluate the impact of various elements on a cellular level. The cells exposed to 
normoxic conditions allowed us to conclude that substrate stiffness has an overall greater 
effect on cellular morphology and behavior. The hypoxic condition stressed the 
detrimental effects that hypoxia can have on cells which in turn can significantly affect 
the overall health of a tissue; in this case, the cornea. After assessing this data, potential 
future studies include: 
 Determining Rac1 activation levels of Ctrl vs. DIO  mice corneal tissue under 
hypoxic conditions (Ongoing) 
 Determine Rac1 activation levels of corneal epithelial cells obtained from a 
diabetic cornea 
 Determine the potential cause of varying Rac1 activation levels in a Ctrl vs. DIO 
mice 
 Visualize the difference in activated Rac1 levels of corneal tissue at different 
time points and under varying structural and environmental conditions 
(Normoxia/Hypoxia, Ctrl/DIO, Wounded/Unwounded) using 
Immunohistochemistry  
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